Reanalysis for medium-range forecasting
Reanalysis activities at ECMWF have always been closely connected with the development of the operational forecasting system. A reanalysis of observations collected for the First Global Experiment of the Global Atmospheric Research Programme (FGGE) started only months after the first operational forecast was issued in August 1979 (Bengtsson et al. 1982a; 1982b) . Production of this first ("main") FGGE reanalysis was completed by summer 1981. Based on its results and feedback to the data providers, various corrections and additions were made to the original FGGE input dataset. A second ("final") reanalysis covering the two FGGE Special Observing Periods (January-February and June-July 1979) was produced in 1986, using the improved FGGE data and an updated version of the forecasting system. These pioneering reanalyses provided the first global atmospheric datasets available for scientific research, and they were widely utilized in predictability studies and for diagnostic purposes (ECMWF 1985; WMO 1985) .
The Centre's role in the FGGE project set in motion a strong feedback loop between improvements in the global observing system, advances in data assimilation methodology, and development of better forecast models through reanalysis. Between 1993 and 1996 an early version of the newly developed Integrated Forecast System (IFS) was used to complete a reanalysis of the period 1979-1993 (ERA-15, Gibson et al. 1997) . Starting in 1998, and building on the experiences gained with ERA-15, a reanalysis of the period 1957-2002 was produced over a 4-year period (ERA-40; Uppala et al. 2005) . ERA-40 used a version of the IFS that was operational in 2001, but at a lower resolution (T159L60) and with a three-dimensional variational (3D-Var) analysis. The Centre's most recent atmospheric reanalysis is ERA-Interim , at spatial resolution (T255L60), covering the modern satellite era from 1979 and continuing forward in time. ERA-Interim uses a 2006 version of the ECMWF system, including four-dimensional variational (4D-Var) analysis.
Since the IFS contains fully interactive model components for the land surface (since 1991) and the sea state (since 1998), the ERA datasets provide estimates of land-surface parameters (e.g. soil temperature, soil moisture, snow) and, beginning with ERA-40, parameters that describe the sea state (e.g. wave spectra, significant wave height). These estimates are consistent with the meteorological parameters, in the sense that they are constrained by a physically meaningful (coupled) model. However, the use of separate analysis methods for the different model components destroys some of the consistency; see Section 3. Each subsequent ECMWF reanalysis has generated a more comprehensive global dataset, with gridded estimates for a growing list of parameters, over longer time periods, and at higher spatial resolution (Table 1) . The increasing quality of the reanalyses clearly reflects the modeling and data assimilation improvements implemented in the IFS (e.g. see Figure 1 ). Over the years, the Centre has also made great strides in providing efficient data services to users in the Member States and elsewhere. Judging by the numerous references in the scientific literature, it is fair to say that ERA data have become an indispensable resource for the atmospheric sciences. Reanalysis provides worldwide visibility to ECMWF that is highly favourable to its reputation as the leading institute in global medium-range weather forecasting. Uppala et al. (2008) .
Model

Reanalysis for monthly and seasonal forecasting
Since 2006, two major reanalyses of the global oceans (ORAS3, Balmaseda et al. 2008 and ORAS4, Balmaseda et al. 2012) have been produced as part of the development of a monthly and seasonal forecasting capability. Prediction of large-scale atmospheric anomalies beyond the medium range depends on the ability to accurately represent slow interactions between the atmosphere and its surface boundaries over land and ocean. The Centre's monthly and seasonal forecast system therefore use a coupled atmosphere-ocean model, based on the IFS extended with the NEMO (Nucleus for European Modelling of the Ocean) ocean model. Developments are currently underway to implement a dynamic sea-ice component in the NEMO model (Tang et al. 2012 ).
Coupled atmosphere-ocean models tend to develop biases and drifts at the interface (e.g. see Figure 2 ), which must be corrected a posteriori in order to produce forecasts with any useful skill. In current practice this is accomplished by producing an extensive set of re-forecasts (hindcasts) initialized from a combined ocean-atmosphere reanalysis, then computing the climatology of the model errors relative to the reanalysis, and correcting the model output accordingly. This calibration procedure can be The ORAS4 data assimilation system includes a model bias correction scheme (Balmaseda et al. 2007 The ocean reanalyses produced for this purpose make use of the ocean model component of the coupled forecast system, but with prescribed atmospheric forcing (wind, temperature, precipitation). These estimates are provided by the most recent ERA data, possibly adjusted to account for known biases. The lack of feedback between ocean and atmosphere in the reanalyses produces physical inconsistencies in the combined dataset. Nevertheless, the reanalysis of the ocean circulation is quite sensitive to the quality of the atmospheric fluxes, which essentially drive the circulation in the upper layers of the ocean. The impact can propagate to the deeper ocean, which is not well constrained by observations, especially prior to the deployment of the ARGO observing system.
Additional inconsistencies in the combined reference dataset arise as a result of the different release schedules for the various system components. On average, new cycles of the IFS are implemented two or three times yearly. Operational upgrades to the monthly and seasonal forecast systems occur much less frequently; this is mainly due to the complexity of the coupled system and the need for calibration as just described. Production of a new atmospheric reanalysis is even more sporadic, and by the time the dataset is ready for use several new versions of the IFS will have been released.
Reanalysis for land-surface monitoring
Discrepancies in model versions also affect the representation of the land surface. The land-surface component of the IFS has undergone significant changes in recent years, e.g. in the area of surface hydrology, the treatment of snow, and the inclusion of carbon. It has been demonstrated (e.g. Koster et al. 2010 ) that improved initialization of the land surface can enhance the predictability of near-surface temperature by up to 6 weeks. Hence the importance of the representation of the land surface in the monthly and seasonal forecast system, which tends to be more sophisticated than that used for producing a recent atmospheric reanalysis. This creates a further incompatibility in the dataset used to calibrate and initialise the forecasts.
This situation has motivated the development of an off-line land-surface modelling tool at ECMWF (Balsamo et al. 2012 ) that can be used to upgrade the land-surface state variables associated with an existing atmospheric reanalysis, based on a more recent version of the land-surface model used for reanalysis. The upgraded land-surface is constructed by providing the model with meteorological forcing from the atmospheric reanalysis. Although the off-line land-surface system does not directly assimilate observations, observational constraints are effectively imposed via the meteorological forcing. The system optionally uses independent observational estimates of monthly averaged precipitation from the Global Precipitation Climatology Project (GPCP) to correct biases in reanalysed precipitation. It can produce upgraded land-surface parameters at different spatial resolutions, and is sufficiently efficient to support testing and development of new land-surface model components.
A first upgraded land-surface reanalysis for 1979-2010 (ERA-Interim/Land, see box) has been produced in this fashion and is now available for general use. It is based on a recent version of H-TESSEL ) and includes precipitation corrections based on GPCP. Figure 3 illustrates the impact of the new model on the reanalysis of surface hydrology. Balsamo et al. (2012) provide additional information about ERA-Interim/Land with evaluations for various parameters of the upgraded land-surface. A similar off-line reanalysis at higher spatial resolution is in planning.
As currently implemented, the off-line land-surface system may be regarded as a sophisticated tool for downscaling and enhancing the description of the land surface as given by an existing global atmospheric reanalysis. This capability presents interesting opportunities for downstream climate services, as the downscaling to higher resolution offers support for local generation of specialized products tailored to local needs. Additional developments in the off-line system planned at ECMWF will provide the ability to directly assimilate (or re-assimilate) terrestrial observations. Improvements in the land-surface model, especially when combined with enhanced spatial resolution, should allow better use of near-surface observations and can potentially accommodate many observations that are not currently useable in atmospheric reanalyses. The use of near-surface observations in the IFS, even at the spatial resolutions used for operational forecasts, is still severely limited both by poor model representativity near the surface and by shortcomings in the analysis method used. The 4D-Var analysis of upper-air prognostic variables is performed separately from simpler analyses of screen-level parameters (temperature, humidity) and land-surface parameters (soil moisture, soil temperature, snow depth). In the current setup, incremental 4D-Var updates of the atmospheric state are constricted by fixed (but uncertain) conditions at the surface, even if the available observations indicate that these have changed. The lack of coupling between the land surface and the atmospheric boundary layer in the analysis limits the ability of the IFS to represent fast surface interactions, e.g. associated with precipitation, and this has implications for forecast skill. A great deal of technical work is required to fully integrate the land-surface and atmospheric analyses, including the development of simplified physics needed for improved observation operators.
ERA-Interim/Land is a global land-surface reanalysis covering the period 1979-2010, providing 6-hourly estimates of 13 parameters describing soil temperature, soil water content, and snow. These data are available at a spatial resolution of approximately 79 km on a reduced Gaussian grid (N128).
ERA-Interim/Land was produced using the Hydrology-Tiled ECMWF Scheme for Surface Exchanges over Land (HTESSEL) , an extension of the TESSEL scheme (van den Hurk et al. 2000) with improved soil hydrology (Balsamo et al. 2009 ), a new snow scheme (Dutra et al. 2010) , a multi-year satellitebased vegetation climatology , and a revised scheme for bare-soil evaporation (Albergel et al. 2012 
Reanalysis of atmospheric composition
Two reanalyses of global atmospheric composition have been produced within the framework of the collaborative European projects GEMS and MACC, as part of the development of an operational capability for global air-quality monitoring and forecasting at ECMWF. Both reanalyses were produced with an extended version of the IFS that includes chemically reactive gases, aerosols and greenhouse gases. Based on availability of global satellite observations of atmospheric composition, the reanalyses extend back only as far as 2003.
The extensions to the IFS developed in the GEMS and MACC projects allow integrated modelling of meteorological, chemical and aerosol variables, and combined use of observations of trace species and meteorology in the 4D-Var analysis. These are the basic elements needed for a fully coupled data assimilation system, in which observations of atmospheric constituents lead to physically consistent adjustments to the meteorological variables, and conversely, meteorological observations can have an immediate impact on estimates of the constituent concentrations. In principle, such a system can produce coherent global analyses with all estimated variables constrained by a single set of model equations. Coupled data assimilation potentially allows for better use of observations with information about both meteorology and aerosols or chemistry. These are important advantages over uncoupled or weakly coupled systems, in which either the model integration or the analysis of observations (or both) is performed in separate steps.
The actual impact of any single observation in a fully coupled data assimilation system depends on many factors, including the choice of control variables in the analysis, the background error covariances, and details of the forecast model itself. The increased complexity in the system requires a proportional increase in assumptions and choices to be made for its implementation. Fundamentally, a realistic analysis (as in true to nature) can be produced only if the additional degrees of freedom in the modelling system are adequately constrained by accurate observations. This has important implications for climate reanalysis, since the instrumental record available for a reanalysis of atmospheric composition is limited, both in quality and quantity.
Some of the pitfalls associated with coupled data assimilation are evident even in the Centre's operational forecast system, which contains ozone as a prognostic variable. It was first noticed during the production of ERA-Interim that the 4D-Var analysis of ozone profile data often results in large and unrealistic changes in the upper stratospheric circulation, where the model background is not well constrained by observations (see Figure 4) . These upper-level increments provided the most effective way for the 4D-Var analysis to accommodate the observed local changes in ozone concentration further below. It should be possible, in theory, to extract useful information about advection from stratospheric tracer observations in a 4D-Var analysis. In practice this can work well only if both the model background and the observations are sufficiently accurate, which is currently not the case.
As a direct result of the discovery of this problem in ERA-Interim, the 4D-Var analysis in the operational forecast system was modified in 2007 to prevent any changes in temperature and wind resulting directly from the analysis of ozone data. This effectively breaks the connection between observations of changes in ozone concentration and information about the atmospheric flow. Recent improvements in the IFS, including implementation of variational bias corrections for ozone observations, have ameliorated the problem, and it is now being investigated whether a fully coupled 4D-Var analysis for ozone can be safely reinstated.
For the same reasons, the MACC coupled assimilation system similarly does not allow any trace-gas observations to modify the flow. Variational bias corrections are being developed for most of the constituents used in the MACC system as a prerequisite to a fully coupled 4D-Var analysis. Additional developments currently taking place in the MACC project will couple the atmospheric data Inness et al. 2009 ), aerosols (Morcrette et al. 2009; Benedetti et al. 2008 ) and greenhouse gases (Engelen et al. 2009 
Reanalysis for climate services
Climate services include a wide range of activities that deal with generating and processing information about past, present and future climate and its effect on society and the environment. The development of the WMO Global Framework for Climate Services (GFCS; WMO 2011) foresees a prominent role for reanalysis as a key element of the observations and monitoring component of the GFCS. The need for a sustainable climate reanalysis capability in Europe is clearly recognized in the emerging plans for a GMES Climate Service component (Uppala et. al., 2011) . Within GMES an important climate services component is already being developed in the MACC project, as its name indicates. It is only natural that the technical expertise and resources available at ECMWF, which are the result of many years of European investment, are increasingly enlisted in the effort to address the most pressing scientific problem of our times.
The use of atmospheric reanalysis data for climate change assessment has been, and still is, somewhat controversial (e.g. Thorne and Vose 2010) . This is due to well-known difficulties with the representation of low-frequency variability in reanalysis data. Early generations of reanalyses, as well as some recent ones, show spurious shifts and other artifacts that can be identified with changes in the observing system, improper use of observations, transitions between multiple production streams, or various mistakes that can occur in a complex reanalysis production. Many of the issues are strictly technical, but clearly there are fundamental limitations as well to what can be achieved with incomplete observations and imperfect models.
Since the production of ERA-40 considerable progress has been made at ECMWF in addressing many of the technical issues just mentioned, resulting in a much better representation of climate variability and trends in ERA-Interim (e.g. Simmons et al. 2010 ). The progress is partly due to improved data assimilation, including the introduction of 4D-Var and the use of variational bias corrections for satellite observations (Dee and Uppala 2009 ). However, the importance of ongoing developments in technical tools and computing services at the Centre, including improved facilities for observation handling, monitoring and diagnostics, cannot be overstated. It is now relatively straightforward to maintain a reanalysis production in near-real time and to provide regular monthly updates of the dataset to a large number of users. A significant technical breakthrough was achieved with the recent 10-year backward extension of ERA-Interim in 2010, which demonstrated that it is indeed feasible to produce multidecadal atmospheric reanalyses in separate segments without introducing artificial discontinuities (see Figure 5 ). This has important practical implications for the planning of future reanalysis productions that extend even further back in time.
Figure 5: The three panels illustrate the stability and temporal consistency of the extended ERAInterim reanalysis, and the nearly seamless transition between the two production streams on 1 January 1989. Reanalysed temperatures in the mid-troposphere are largely consistent with radiosonde observations (top panel) and with bias-corrected radiance measurements from Microwave Sounding Units flown on successive NOAA satellites (centre panel; colours indicate different satellites). The bias corrections for the MSU data, produced by the variational analysis in ERA-Interim, account for calibration differences, orbital drifts and various other instrument errors (lower panel).
Model-based reanalysis arguably offers the best approach for extracting maximum information about the recent climate from the existing instrumental record (Dee et al. 2010 ). Today's models encapsulate a great deal of knowledge about the climate system that can be used to relate and combine information from otherwise disparate observations in a physically meaningful way. This provides reanalysis with a distinct advantage over traditional observation-based methods, which rely primarily on spatial interpolation. Even though global observations from satellites have now been available for more than 3 decades, the current benchmark datasets for monitoring global temperature change, e.g. from the Met Office Hadley Centre, NOAA/NCDC, and NASA/GISS, still have major gaps in regions that are critical for climate, such as the high latitudes and some parts of the tropics. Reanalysis methodology is now sufficiently mature to be able to match these observational estimates where they exist (Simmons et al. 2004 (Simmons et al. , 2010 ; and see Figure 6 ). As a result, the usefulness of reanalysis data for monitoring the climate is increasingly recognized by the scientific community; data from ERA and MACC are now routinely included in the annual State of the Climate special issue of the Bulletin of the American Meteorological Society (SOC 2010; 2011; .
Figure 6: Anomalies for 2010 relative to 1979-2010 in surface air temperature (K; left) from ERAInterim (upper) and CRUTEM3 (lower), and in precipitation (mm/day; right) from ERA-Interim (upper) and GPCC (lower). Values are plotted over land for grid-squares with a complete monthly data record for 2010 and no more than 12 missing months from 1979 to 2009. For GPCC, it is also required that there be at least one station per grid-box. Green colours indicate no data.
The use of a skilful model in reanalysis permits estimation of a large set of climate variables, even for variables that are not well observed, e.g. stratospheric winds, radiative fluxes, root-zone soil moisture, etc. (see Figure 7 ). These estimates are useful because they are indirectly constrained by the observations used to initialise the model. In the absence of direct observations, however, it is difficult to quantify the uncertainties in estimates of model-generated variables, as they depend on errors in the model as well as on the strength of the (indirect) observational constraint. Some insight into the uncertainties can be obtained by using ensemble techniques, with the important caveat that it is not practical to sample more than a few selected sources of uncertainty in a reanalysis.
Nevertheless, the complete description of a physically plausible atmosphere consistent with observations provided by reanalysis makes it possible to do many things that simply cannot be achieved otherwise. It permits, for example, detailed diagnostics of the global energy budget and the hydrological cycle (Trenberth et al. 2011) . Such diagnostics are especially useful if they involve known time-invariant properties of the climate system. These are (usually) conserved by the assimilating model in a reanalysis, but tend to be destroyed by the assimilation increments, depending on the nature of the observational constraints and on the method of assimilation. Budget diagnostics can be used to demonstrate shortcomings as well as progress in climate reanalysis . Ironically, inconsistencies in the mass and energy budgets are often used to question the usefulness of reanalysis data for climate applications, even though it is clearly not possible to estimate most of the quantities involved from observations alone.
Figure 7: Dec-Mar anomalies averaged over northern-hemisphere land locations computed from ERA-Interim data and independently from in-situ observations. Light-coloured bars show ERAInterim estimates; vertical darker lines show corresponding estimates from CRUTEM3 (for temperature; upper left), HadCRUH (for relative humidity; upper right), and GPCC (for precipitation, lower left).
There is still a great deal of room for improvement in reanalysis; various issues with the quality of ERA-Interim have been identified that remain to be addressed in subsequent reanalysis projects . These concern, for example, the consistency in time of mean precipitation over the tropical oceans, which, although much improved over ERA-40, is affected by incorrect use of rainaffected satellite radiances in the ERA-Interim system. Various aspects of the land surface representation in ERA-Interim, in particular snow cover, have been affected by problems with the input data as well as shortcomings in the surface analysis scheme. The energy balance at the surface boundary in ERA-Interim is poor, especially over tropical oceans due to a net increase in solar radiation.
As always, many of the improvements needed both in the forecast model and in data assimilation methodology are being addressed in current and upcoming IFS releases. However, several directions for development are needed specifically to address climate requirements: (1) reanalyses need to extend further back in time to provide a longer record for climate studies and climate model validation; (2) interactions and feedbacks between the atmosphere and other components of the climate system need to be better represented, and (3) users need to be provided with useful information about uncertainties relevant for the estimation of low-frequency variability and trends.
Extended climate reanalysis
The production of a model-based reanalysis extending as far back as the instrumental record allows was first pursued in the 20 th -Century Reanalysis Project (Compo et al. 2006 ) at NOAA's Earth Systems Research Laboratory. The project was based on the idea that a reanalysis of surface pressure observations only is relatively straightforward to compute and avoids many of the problems associated (Whitaker et al. 2009 ). Many of the earlier observations needed for this ground-breaking project were obtained from analogue sources, then digitized and collected in a global database (the ISPD, or International Surface Pressure Databank), which is now available for general use. A reanalysis of the 140-year period 1871 -2010 was subsequently completed using NCEP's Global Forecast System (GFS) at resolution T62L28 and an ensemble Kalman filter especially developed for the purpose (Compo et al. 2011) . Future versions have been proposed that will extend even further back in time.
ERA-CLIM (European Reanalysis of Global Climate Observations) is a collaborative research project involving 9 partners, funded by the European Union for a three-year period through 2013. The project is coordinated by ECMWF. The goal is to prepare input data sets and assimilation systems for a new
At ECMWF a similar reanalysis for the period 1900 -2010 is being prepared within the framework of the EU-funded ERA-CLIM project (see box). The ERA-20C reanalysis will be produced with the IFS as an ensemble of data assimilations (EDA) at resolution T159L91, using surface pressure and marine wind observations from the ISPD and ICOADS. The IFS forecast model has been modified to ingest climate data sets related to model radiation and land-surface parametrizations obtained from the Coupled Model Intercomparison Project Phase 5 (CMIP5). An ensemble of consistent global estimates of sea-surface temperature (SST) and sea-ice concentrations (SIC) for the entire period (HadISST2) has been developed for the project by the Met Office Hadley Centre, taking into account the uncertainties in the available observational sources (Figure 8 ). The ERA-20C reanalysis will comprise 10 members, each based on a different evolution of SST/SIC drawn from the HadISST2 ensemble, in order to provide users with information about at least one key source of uncertainty in the reanalysis. Using the tools described in Section 3, a set of global land-surface products consistent with the ERA-20C reanalyses but at higher spatial resolution will be produced as well.
The ERA-20C reanalysis can be regarded as an extended climate reanalysis, which differs from all earlier ECMWF reanalyses in that it makes use of a restricted set of observations and other input datasets specifically prepared for climate applications. In contrast, previous ERA reanalyses have assimilated the majority of observations used in operational forecasting, in the attempt to produce the best possible estimate of the atmospheric state at any given time. Clearly both types of reanalysis have an important role to play in climate studies and climate services. Extended reanalyses serve to provide the longest possible record of low-frequency variability and change consistent with observations, which is needed to put current large-scale anomalies in perspective. The spatial and temporal resolution that can be achieved in such a reanalysis will be limited mainly by the information available from observations. A shorter reanalysis of the satellite era, such as ERA-Interim, can provide a more detailed and complete view of recent changes taking place in the climate system, which can be continuously updated by making use of observations used for operational forecasting.
The two kinds of reanalyses have different requirements in terms of data usage. A traditional NWPinspired reanalysis of the satellite era tends to assimilate all available observations unless they are known to be unusable or of poor quality; this is the familiar blacklisting approach. In contrast, an extended climate reanalysis ideally follows a whitelisting approach to data selection, where observations are used only if they are known to be of high quality and suitable for climate applications. In practice the distinction may not be quite as strict, since judgments on data quality are often difficult to make, but the contrasting objectives provide useful guidance. It implies, for example, that a climate reanalysis requires extra effort on selection and preparation of input data prior to assimilation, with preference given to observations obtained from compiled data collections that have been subject to some form of quality control to ensure temporal consistency.
The second major direction for development needed to better address climate requirements is coupled data assimilation, with an eye toward producing a more consistent description of mass and energy transport and a better representation of climate feedback mechanisms. The use of fixed model boundary conditions in an atmosphere-only reanalysis generates unrealistic surface fluxes and inconsistencies in the mass and energy balances. As reanalyses extend further back in time, uncertainties in the boundary conditions increase; e.g. see Figure 8 for the case of sea-surface temperature. A coupled reanalysis has the potential to extract information from near-surface observations to reduce these uncertainties. For example, the conventional in-situ observations used to construct gridded SST fields in the pre-satellite era, such as HadISST2, provide global information on a monthly timescale at best. In an atmosphere-only reanalysis the daily boundary conditions needed for the model are constructed simple by interpolating the monthly estimates; this yields physically unrealistic variability. In a coupled reanalysis, however, it should be possible to extract information about daily SST variability from marine winds and other near-surface weather observations. Even in the absence of observations, the reanalysis would generate global daily estimates of SST that are physically consistent in the sense of the model. The challenge, of course, is to constrain the drift in these estimates that can arise from systematic errors in the coupled model (e.g. see Figure 2 ).
The recently completed NCEP Climate Forecast System Reanalysis (CFSR; Saha et al. 2010 ) is the first coupled global reanalysis of the satellite era (1979-present) . CFSR uses a coupled model of the atmosphere, land surface, ocean, and sea-ice, and was specifically designed to support the development, calibration, and initialization of NCEP's seasonal forecast system. The data assimilation method used in CFSR is best described as weakly coupled, in the sense that it uses the coupled model only to generate background estimates for the analysis. The analysis itself is performed in separate and independent steps for each of the four model components. Biases in sea-surface temperature, sea-ice, precipitation and snow are constrained by means of strong relaxation to prescribed external datasets. Kennedy et al. (2011a,b) .
The CERA framework
Finally we describe a roadmap for planned IFS developments during the next 3-5 years that will permit the production of an extended climate reanalysis using coupled data assimilation for the atmosphere and ocean. These developments are specifically targeted for reanalysis but will also provide the IFS with the ability to initialise coupled forecasts, offering prospects for forecast skill improvements in the medium as well as the monthly to seasonal range. The work to be performed includes many preliminary technical steps required to incorporate and consolidate the tools and systems currently used for ocean reanalysis within the IFS-based ERA environment. Important details to be addressed include the use of different methods for handling input data streams, dealing with incompatible grids and output formats used in NEMO and IFS, possible MARS developments needed to accommodate the combined output, development of monitoring tools and new diagnostics for coupled systems, etc. These technical aspects are not discussed here, but they will require substantial effort and coordination. It is conceivable -and in many ways desirable -that the IFS developments described should move to the OOPS environment, but it is currently unclear whether and when this can be feasible.
We refer to the enhanced technical infrastructure for coupled climate reanalysis as the CERA (for Coupled ERA) framework. Application of this framework to produce a first ECMWF coupled climate reanalysis spanning the 20th century is the subject of a new proposal to the European Commission, currently in preparation by the Reanalysis Section. The proposed project, tentatively named ERA-CLIM2, will be presented as a natural continuation of ERA-CLIM that will further strengthen European capabilities for Earth-system reanalysis and climate services. If successful, it will provide ECMWF with substantial resources for research and development in coupled data assimilation, and will position the Centre for a pivotal role in future GMES climate services.
The following milestones summarize the incremental development of the CERA framework, which is schematically represented in Figure 9 :
• Develop and implement a sequential model bias correction scheme to constrain the drift of the coupled IFS/NEMO model, using external estimates of monthly averaged SST. This provides the ability to produce an ensemble of coupled climate model integrations constrained by observed SST, e.g. as given by HadISST2.
• Extend the existing ERA framework by using the coupled IFS/NEMO model to compute the 4D-Var nonlinear trajectories. This provides the ability to assimilate atmospheric observations in the coupled model, while constraining the model drift using HadISST2.
At this stage, re-linearizations in the 4D-Var outer loop are performed relative to a coupledmodel trajectory. Observations used in the atmospheric analysis can therefore directly affect the ocean state. A potential benefit for an extended climate reanalysis is that the use of a coupled model can enhance SST variability in a physically plausible way -in contrast to e.g. simple interpolation as currently used in atmospheric reanalyses.
• Implement the linearized NEMOVAR minimization step in parallel with the IFS 4D-Var minimization. This provides the ability to assimilate both atmospheric and ocean observations in a coupled model.
At this point, linear incremental updates for the ocean and atmosphere components are performed separately in the inner loops, and exchange of observational information takes place during the coupled model integration in the outer loop. Spin-up effects may occur within the analysis window if the separate analyses produce inconsistent information. When using repeated outer loops, the CERA framework moves a step beyond 'weakly coupled' data assimilation as described in Section 6, in which the coupled model is used to produce a background estimate, but the analysis is performed in separate and independent steps.
The ERA-CLIM2 project, expected to start in 2014, will make use of the CERA framework to produce CERA-20C, a first coupled atmosphere-ocean reanalysis spanning the 20th century. Similar in concept to ERA-20C, it will consist of an ensemble of data assimilations at relatively low resolution, constrained by external SST and sea-ice products, and using a restricted set of observations from climate data collections. The off-line land-surface system described in Section 3 will be used to create a consistent but upgraded reanalysis of the land surface. In a similar manner, consistent supplementary reanalyses of carbon fluxes and stocks for the 20th century will be produced in collaboration with LSCE and Mercator Ocean, using their specialized versions of the ORCHIDEE land-surface and PISCES ocean biogeochemical models.
The ERA-CLIM2 proposal includes a substantial research and development component for coupled data assimilation targeted for inclusion in the CERA framework at ECMWF. This work will be done in collaboration with several external partners, including the Met Office, Reading University, Mercator Ocean, CERFACS, INRIA, and CMCC, who will together contribute approximately 13 person-years to the effort. The work envisioned includes incorporation of the LIM2 dynamic sea-ice model in the CERA framework, implementation of 4D-Var in NEMOVAR, use of ensembles to improve background error covariances for the coupled system, and development of the ability to directly assimilate SST observations in the system.
The CERA framework lends itself to many additional developments and refinements of the coupled data assimilation capability of the IFS. With a fully coupled nonlinear model implemented in the outer loop of 4D-Var, one can consider moving additional components of the analysis (e.g. for screen-level parameters) to the inner loops. Doing so requires work on simplified physics for the models involved, and development of tangent linear and adjoint codes. Once implemented, all inner-loop components can be computed in parallel, with information exchange taking place in the nonlinear outer loop only. A final step to a fully coupled version of incremental 4D-Var, where all inner-loop components share the same extended state vector, may not be worthwhile. Development would be rather difficult and the resulting system less flexible. Any additional benefit would depend on the ability to formulate accurate error covariance models for the coupled system.
Conclusion
Throughout the Centre's history, reanalysis has been essential for the development of forecasting capability and skill. Reanalysis projects have led to numerous improvements in data assimilation, and the datasets produced are indispensable for model verification and development. Conversely, the evolution of the Centre's operational products has gone hand in hand with the growth in diversity and sophistication of reanalysis products. As a result of recent advances in data assimilation, including an improved ability to handle biases and changes in the observing system, we can now foresee a central role for ECMWF reanalysis data in future climate services. This presents the Centre with a major opportunity to apply its unique technical capabilities to help address what is arguably the most pressing scientific problem of our times, namely adaptation and mitigation of climate change.
To best respond to society's demand for climate information, while continuing to meet the Centre's requirements for forecast system research and development, two different types of reanalysis products are needed. These are extended climate reanalyses, which reach back in time as far as the instrumental record reasonably allows, and reanalyses of the recent satellite-dominated observing system. The purpose of both types is to make the best possible use of available observations; however, the vastly changing characteristics of the observing system imply different approaches to data selection and usage in each case. The available observational constraints also have important implications for the types of models that can be used, and how they can best be constrained by means of data assimilation. In all cases there are, of course, fundamental limitations on the ability to represent what is essentially unobserved.
We have outlined plans for developing a coupled data assimilation capability in the IFS, targeted for the production of a consistent climate reanalysis. Resources needed to implement these plans are, for now, entirely dependent on available external funding. Many other aspects of data assimilation development, even though highly relevant for climate reanalysis, have not been discussed here. These include the application of weak-constraints 4D-Var to control the effects of model biases during the assimilation; the use of long analysis windows to take advantage of observations ahead of as well as behind the analysis time; extensions of the variational bias correction scheme for conventional observations; implementation of a hybrid data assimilation scheme to allow adaptive estimation of background error covariances. Reanalysis activities contribute to, and, in some cases, drive progress in these important areas.
This paper pays scant attention to observations, even though these in fact provide the essential element of value, and require by far the most effort in any reanalysis project. We have also omitted any discussion of improving access to reanalysis data, e.g. by providing better web services, visualization tools, and user guidance and support. Clearly these are all important elements needing full attention in a future climate-service oriented reanalysis activity at ECMWF.
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